Abstract The aim of this study is to investigate the potential of cell walls of wild-type and lipoteichoic acid-defective strains of Bacillus subtilis 168 to adsorb rare earth ions. Freeze-dried cell powders prepared from both strains were used for the evaluation of adsorption ability for the rare earth ions, namely, La(III), Eu(III), and Tm(III). The rare earth ions were efficiently adsorbed onto powders of both wild-type strain (WT powder) and lipoteichoic aciddefective strain (ΔLTA powder) at pH 3. The maximum adsorption capacities for Tm(III) by WT and ΔLTA powders were 43 and 37 mg g −1 , respectively. Removal (in percent)
Introduction
Rare earth metals are widely used in various technological devices, including superconductors, magnets, catalysts, and batteries (Andrianov et al. 2011; Molander and Romero 2002) . The global demand for rare earth metals has been increasing (Du and Graedel 2011) . There is a concern that the increased demand for rare earth metals leads to environmental exposure or water pollution from rare earth metal mines and various commercial products. In one report, high levels of rare earth metals were detected in hair from the scalp of children living in a rare earth mining area in China (Tong et al. 2005) . It is known that rare earth metals exhibit hepatotoxic and neurotoxic effects (Pałasz and Czekaj 2000; Basu et al. 1982) . Therefore, useful techniques to extract or remove rare earth metal from the environment are needed.
There are many examples of functionalized polymers or phosphates used for the extraction of rare earth ions (Buchmeiser et al. 1998; Sun et al. 2012) . However, most of these reagents are expensive and may be toxic themselves. Under these circumstances, it is very important to develop low-cost and environmentally friendly removal methods for rare earth ions from water.
It is benefical to use bioresource materials as adsorbents for environmental pollutants because of their safety and cost effectiveness. Recently, various bioresource materials have been used as adsorbents for pollutants, such as oil, pesticides, and metal ions (Moriwaki et al. 2009; Senthilkumaar et al. 2010; Ghimire et al. 2003) . Bacteria are regarded as effective adsorbents for dissolved metals because of their high surface area per unit weight. Several studies concerned with the adsorption of rare earth ions onto bacterial cells have been conducted (Merroun et al. 2003; Takahashi et al. 2005; Ozaki et al. 2006) . It has been suggested that carboxylate and phosphate groups are mainly responsible for the adsorption of rare earth ions onto bacterial cell surfaces (Takahashi et al. 2010) . However, more information is needed to clarify the details of the mechanism of adsorption of rare earth ions onto bacteria in order to apply them effectively in environmental remediation.
In this study, wild-type and lipoteichoic acid-defective strains of Bacillus subtilis 168, which do not produce extracellular polymers such as polyglutamic acid, were investigated for their potential use as adsorbents of rare earth ions. Freeze-dried cell powders prepared from both strains were used for evaluating their ability to adsorb rare earth ions, namely, La(III), Eu(III), and Tm(III).
Teichoic acids are bacterial polysaccharides that consist of glycerol phosphate or ribitol phosphate. These polyphosphate compounds constitute a major component of the cell wall in most gram-positive bacteria, including B. subtilis. Teichoic acids come in two distinct forms depending on whether they are linked to the head groups of membrane lipids (lipoteichoic acids (LTAs)) or to the wall peptidoglycan (wall teichoic acids (WTAs)) (Neuhaus and Baddiley 2003) . Peptidoglycan is also major structural compound in the cell walls of bacteria. The contribution of LTAs to the adsorption of rare earth ions onto bacterial cells is not clear, although it has been reported that phosphates on the cell wall contribute to the process (Takahashi et al. 2010) . By comparing the adsorption of rare earth ions onto the cell surfaces of wild-type and lipoteichoic acid-defective strains, it was expected that the role of LTAs in the adsorption of rare earth ions onto the bacterial cell walls could be further elucidated.
Materials and methods

Reagents
Nitric acid, manganese (Mn)(II) sulfate, iron (Fe)(II) sulfate, lanthanum (La)(III) chloride, europium (Eu)(III) chloride, and thulium (Tm)(III) chloride were purchased from Wako Pure Chemical Industries (Osaka, Japan). Distilled water was produced by an automatic water distillation apparatus (WG203; Yamato Scientific, Tokyo, Japan).
Construction of the mutant strains
The strains of B. subtilis and Escherichia coli, and plasmids used in this study are listed in Table 1 . All chemical reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan) unless otherwise noted. B. subtilis 168 was used as the parent strain throughout the study. B. subtilis strains were grown in Luria Bertani (LB) medium (Sambrook et al. 1989 ) at 37°C. To culture a quadruple mutant of the ltaS paralogous genes (RY1604), erythromycin was added to final concentrations of 0.30 μg mL −1 . E. coli strains harboring plasmids were cultured in LB medium at 37°C, and ampicillin was added to a final concentration of 100 μg mL −1 . DNA manipulations and E. coli transformation were performed by standard methods (Sambrook et al. 1989 ). The conventional transformation method (Anagnostopoulos and Spizizen 1961) was used for B. subtilis transformation.
Primers used in this study are listed in Table 2 . After the polymerase chain reaction (PCR)-amplified fragments were digested with restriction enzymes purchased from Takara (Kyoto, Japan), all DNA fragments were separated by 1 % agarose gel electrophoresis and purified with QIAquick gel extraction kit (QIAGEN) according to the manufacturer's instructions.
To construct a triple mutant for yfnI, yqgS, and yvgJ without any antibiotic resistance markers, we used an efficient allelic replacement method with pMAD (Arnaud et al. 2004) . For the construction of pMADΔyfnI, upstream (530 bp) and downstream (509 bp) regions of the yfnI gene were amplified with 2 sets of primers, yfnIf-Bf and yfnIf-PEr, and yfnIb-ESf and yfnIb-NKr, respectively, and 168 chromosomal DNA (chrDNA) as a template. The amplified fragments were digested with EcoRI. The fragments were then ligated and the ligation mixture was used as a template for a 2nd PCR with yfnIf-Bf and yfnIb-NKr. After digestion with BamHI and NcoI, the resulting 1.0-kb DNA fragment was cloned into the corresponding sites in pMAD to obtain pMADΔyfnI. Similar procedures were used to construct pMADΔyqgS and pMADΔyvgJ. For pMADΔyqgS, primers used for the upstream (510 bp) and downstream (511 bp) fragments were yqgSf-Bf and yqgSf-PEr, and yqgSb-ESf and yqgSb-NKr, respectively. For pMADΔyvgJ, primers used for the upstream (508 bp) and downstream (519 bp) fragments were yvgJf-Bf and yvgJf-Pr, and yvgJb-PSf and yvgJb-NKr, respectively. The amplified fragments were digested with PstI. Then the fragments were ligated and the ligation mixture was used as a template for a 2nd PCR with yvgJf-Bf and yvgJb-NKr. After the amplified 1.0-kb fragment was digested with BamHI and NcoI, the fragment was cloned into the corresponding sites in pMAD to obtain pMADΔyvgJ.
After sequencing the inserts of these pMAD-derivatives, the plasmids were used for transformation of E. coli C600 to generate concatemeric DNAs. For the construction of an IPTG-inducible ltaS-conditional mutant, the 5′-terminal region, including the ribosomebinding site, was amplified by PCR using 168 chrDNA as the template, and primers yflE-SD-EF and yflE-p2-BR. The amplified 311-bp fragment was digested with EcoRI and BamHI, and the resultant fragment was cloned into the corresponding sites of pMUTIN4 (Vagner et al. 1998 ) to obtain pM4ΔNyflE. After sequencing the insert DNA fragment, the plasmid was used for transformation of E. coli C600 to generate a concatemeric DNA.
The sources of donor DNAs and recipient cells used for B. subtilis mutant construction are listed in Table 1 . To construct a triple null mutant of yfnI, yqgS, and yvgJ, B. subtilis RY1603, without any antibiotic resistance genes, we used an efficient allelic replacement method, step by step, with pMAD-derived plasmids (Arnaud et al. 2004) . First, to construct a yvgJ null mutant (ΔyvgJ), B. subtilis 168 was transformed with pMADΔyvgJ. A blue colony was selected on LB plates containing 0.3 μg mL −1 of erythromycin and
We performed the subsequent integration and excision procedures as described by Arnaud et al. (2004) . After the excision procedure, we selected some white and erythromycin-sensitive colonies to obtain B. subtilis ΔyvgJ. We then confirmed the proper null mutation at the yvgJ locus by PCR with primers YvgJ-up and YvgJdown. Next, B. subtilis ΔyvgJ was transformed with pMADΔyqgS to obtain a yvgJ yqgS double null mutant, B. subtilis RY1602. After integration and excision procedures, we checked the proper null mutation at the yqgS locus by PCR with primers YqgS-up and YqgS-down. Finally, B. subtilis RY1602 was transformed with pMADΔyfnI to obtain a triple null mutant of yfnI, yqgS, and yvgJ, B. subtilis RY1603. After integration and excision procedures, we checked the proper null mutation at the yfnI locus by PCR with primers YfnI-up and YfnI-down. For construction of an ltaS-conditional mutant, B. subtilis 168 was transformed with pM4ΔNyflE to obtain B. subtilis LTASp. After selection on LB agar plates containing erythromycin (0.30 μg mL −1 ) and IPTG (1 mM), appropriate integration of the plasmid DNA at the ltaS locus was confirmed by PCR. To obtain a quadruple mutant of the ltaS paralogous genes (RY1604), B. subtilis RY1603 was transformed with LTASp chrDNA as a donor DNA. The resulting transformants were selected on LB agar plates containing erythromycin (0.30 μg mL −1 ) and IPTG (1.0 mM). We subsequently confirmed the proper mutations of four loci (ltaS, yfnI, yqgS, and yvgJ) by PCR. In addition, after the inducer (IPTG) was removed, we also confirmed that the quadruple mutant cells exhibited slow growth and aberrant filamentous clumps twisted around their long axis as described previously (Schirner et al. 2009 ).
Preparation of WT and ΔLTA powder B. subtilis strains were cultured in 6 mL of LB medium at 30°C over night. When a quadruple mutant of the ltaS paralogous genes (RY1604) was first cultured, erythromycin and IPTG were added to final concentrations of 0.30 μg mL −1 and 1.0 mM, respectively. Cells corresponding to 1 mL of the cultures were harvested by centrifugation (Tabletop centrifuge-CT15RE, Hitachi Koki, Tokyo, Japan) and washed once with 1 mL of fresh LB medium to remove the inducer. The cells were then inoculated at an OD 600 of 0.001 into 1 L of fresh LB medium. After incubation for 3 h at 37°C, LTAdeficient cells were harvested by centrifugation (himac CR21, Hitachi Koki, Tokyo, Japan). The cell pellet was suspended with 30 mL of ultrapure water and boiled for 20 min. After cooling, cells were precipitated by centrifugation (himac CR21, Hitachi Koki, Tokyo, Japan), washed once with 30 mL of ultrapure water, and freeze-dried. Then, the solid materials were crushed with a medicine spoon and sieved. The diameter of the powders ranged from 53 to 100 μm. Powders from the wild-type strain (WT powder) and the lipoteichoic acid-defective strain (ΔLTA powder) were obtained. The powders were visualized using a scanning electron microscope (SEM; JSM-6010LA; JEOL, Tokyo, Japan). The samples were sputtered with platinum using a JFC-1600 instrument (JEOL, Tokyo, Japan).
Adsorption test
The general procedure for evaluating the removal of Tm(III), La(III), Eu(III), Fe(II), or Mn(II) using WT powder or ΔLTA powder as a sorbent was as follows: 20 mg of WT powder or ΔLTA powder was added to 20 mL of a metal ion solution (20 μg mL −1 , pH 3) in a conical flask. It is known that rare earth ions form complexes with hydroxide or carbonate at pH greater than approximately 5.5 (Liu and Byrne 1998) . In order to keep rare earth metals as free cations, the pH level of the tested solutions was set at 3 for the adsorption test. The suspensions were mixed for 30 min at 10 rpm and then filtered with filter paper (suspended particle size, 7 μm; No. 5A, Advantec, Tokyo, Japan). The adsorption (in percent) of a metal ion to the membrane was below 10 % under the experimental condition. The filtrate was centrifuged at 4,000 rpm (Tabletop centrifuge-2410, Kubota Corporation, Tokyo, Japan) for 20 min. A 5.0-mL aliquot of the supernatant was added to 5 mL of nitric acid and heated. The resulting solution was diluted with distilled water to a final volume of 20 mL, and then quantitatively analyzed for the metal ion concentration using inductively coupled plasma atomic emission spectrometry.
The adsorption capacities of the WT and ΔLTA powder for Tm(III) were determined in the original Tm(III) solution under various conditions. All experiments were conducted at 25°C in thermostatic chamber.
Analytical procedure
Metal ion concentrations in solutions were measured by inductively coupled plasma atomic emission spectrometer (SPS 3100; SSI nanotechnology, Tokyo, Japan) under the following experimental operating conditions-RF power, 1.2 kW; plasma gas flow rate (Ar), 16 Lmin 
Results
WT and ΔLTA powders
The surfaces of WT and ΔLTA powders were examined by SEM. Typical rod-shaped cells were observed in WT powder and slightly curved ones were found in ΔLTA powder, and it was confirmed that the structure of the cell walls was not disrupted by the preparation of the powders. Furthermore, it was determined that there were no significant differences in the surface areas between the WT and ΔLTA powders because the conformations of the surfaces were very similar. The powders were shaken in water for 30 min, filtered, dried, and reevaluated by SEM (Fig. 1 for Fig.1 Scanning electron micrographs of ΔLTA powders after shaking in water for 30 min followed by drying ΔLTA powder). No changes in shape of the powders were observed after shaking in aqueous solution for 30 min.
Removal of rare earth metal ions by WT or ΔLTA powder
The adsorptive removals of La(III), Eu(III), Tm(III), Mn(II), and Fe(II) by the cell walls were studied in order to assess the extraction ability of the B. subtilis powders. The results are shown in Table 3 .
The removal (in percent) of rare earth ions from aqueous solution (20 μg mL −1 ) with WT or ΔLTA powder as the adsorbent were >60 % (entries 1, 2, and 4 in Table 3 ). On the other hand, the removal (in percent) of Fe(II) and Mn(II) were <24 % (entries 7 and 8). The percentage of Tm(III) removed was higher than the percentage of Fe(II) removed from the Fe(II) and Tm(III) binary solution. This suggests that Tm(III) was selectively removed by the B. subtilis powders (entries 9 and 10). These results indicate that the B. subtilis powders are effective adsorbents for rare earth ions.
The removal (in percent) of rare earth ions increased in the order of atomic number (La(III) < Eu(III) < Tm(III), entries 1, 2, and 4). As atomic number increases, the radius of each lanthanide ion(III) steadily decreases (lanthanide contraction) and electron affinity increases. Because of this feature of rare earth ions, the adsorptive association of heavy rare earth ions to the adsorbents would be greater than that of light rare earth ions. Takahashi et al. (2010) have reported similar patterns of adsorption of rare earth ions by cell walls of gram-positive bacteria.
The removal (in percent) of metal ions by WT powder was greater than by ΔLTA powder. This result indicates that lipoteichoic acid contributes to the adsorption of rare earth ions onto the cell wall of B. subtilis. Furthermore, without LTA, the removal (in percent) of the rare earth ions was greater than that of Fe(II) and Mn(II) at pH 3. This indicates that WTA contributes to the adsorption of rare earth ions onto cell walls. It is well known that the cell wall of B. subtilis consists of peptidoglycan (65 %) and teichoic acid (35 %). However, the abundance ratios of LTA and WTA in B. subtilis 168 have not been clarified. Therefore, the contribution ratio to the adsorption of rare earth ions by LTA and WTA could not be quantified at this stage.
The effect of changing the duration of shaking on the adsorption of Tm(III) by the B. subtilis powders was studied in order to determine the equilibration time for adsorption (Fig. 2) . The percentages of Tm(III) removed were 91 and 74 % for WT and ΔLTA powders, respectively, and barely changed by varying the duration of shaking from 1 to 300 min. These results suggest that this method of adsorption does not require long equilibration times and can therefore be used for the rapid removal of Tm(III) from water. The rapid removal of Tm(III) by the B. subtilis powders may be related to their high surface area per unit weight.
Next, the recovery of adsorbed Tm(III) by the powders was observed. WT or ΔLTA powder (20 mg) was added to 20 mL of La(III), Eu(III) or Tm(III) solution (20 μg mL −1 , pH 3), mixed for 30 min at 10 rpm and filtered with 5A filter paper. The used filter was eluted by nitric acid (2.7 M, 20 mL, two times), and the concentrations of rare earth ions in the eluates were analyzed. The total recoveries of adsorbed rare earth ions were >94 % for both WT and ΔLTA powders. This result indicates that rare earth ions in water can be extracted by adsorption to the powders and eluted with nitric acid. The pH value of the test solution was set at pH 3. The adsorbent (20 mg) was added to the aqueous solutions (20 mL) The ΔLTA powder readily coagulated and sedimented in the presence of rare earth ions at 20 μg mL −1 (Fig. 3) . On the other hand, such coagulation and sedimentation did not occur with WT powder and rare earth ion aqueous solution under the same conditions. The times required for the filtration of the test solution (20 mL) by 5A filtration paper were 105 and 43 s for the WT powder and ΔLTA powder, respectively. This result suggests that ΔLTA powder is useful for the extraction of rare earth ions from water. The ΔLTA powder coagulates and sediments in the presence of Tm (III) at 1.0-200 μg mL −1 .
Discussion
La(III), Eu(III), and Tm(III) but not Fe(II) or Mn(II), were removed effectively from water by WT and ΔLTA powder. It has been reported that cadmium ion adsorb preferentially onto phosphate groups of the B. subtilis cell walls at pH values lower than 4.5 and that the contribution of carboxylate groups increases as pH increases (Boyanov et al. 2003) .
In the present study, the contribution of phosphate groups to the adsorption of rare earth ions would be high because the adsorption activity was studied at pH 3. The unique properties of rare earth ions are their strong Lewis acidity and their affinity toward hetero atoms, such as oxygen. It is well known that rare earth ions interact with phosphate groups. It is thought that the adsorption of rare earth ions onto the oxygen atom of the phosphate group is more powerful than that of Fe(II) or Mn(II). That would cause the selective adsorption of rare earth ions onto the cell walls. When the adsorption of Mn(II) to the WT powder was studied at pH 5, the carboxyl group was easily ionized, and the removal (in percent) of Mn(II) was 75 %. This result supports the ideas described above. In order to evaluate the adsorption capacities the B. subtilis powders for Tm(III), the obtained adsorption data were fitted to the Langmuir and Freundlich adsorption isotherm equations. The adsorption of Tm(III) onto the WT or ΔLTA powder powders could be fitted well to Langmuir as well as Freundlich models (all r 2 values were >0.97), and the adsorption mechanism of Tm(III) to the powders could not be discussed by using these adsorption isotherm equations. Here, we focused on the Langmuir constants of the B. subtilis powders. The parameters obtained from the Langmuir isotherm of the B. subtilis powders are summarized in Table 4 along with the parameters obtained from the Langmuir isotherm of adsorbents, which have been previously reported. The B. subtilis powders had a maximum uptake capacity (q e ) of 43.1 and 36.9 mg g −1 for WT powder and ΔLTA powder, respectively.
The maximum uptake capacities of the B. subtilis powders for Tm(III) were comparable to those of other adsorbents for rare earth ions listed in Table 4 . The K L value of the B. subtilis powders for Tm(III) was also similar to those of the other adsorbents.
The difference of the coagulation and sedimentation properties between the WT powder and ΔLTA powder could Chen et al. (2012) be caused by the different distribution of teichoic acids. It is reported that LTA is a major component of the B. subtilis periplasm (Matias and Beveridge 2008) , and it is believed that LTA localizes at the inner site of cell walls compared with WTA. In the case of ΔLTA powder, rare earth ions are adsorbed to WTA, which is located on the outer surface of the cell wall. That causes the interaction between ΔLTA powders to increase, and the aggregation to accelerate. On the other hand, in the WT powders, the rare earth ions adsorb to WTA and LTA. Therefore, compared with ΔLTA powder, coagulation sedimentation of WT powder is not likely to occur. The aggregation of WT powder occurred in solutions with Tm(III) concentrations greater than 50 μg mL −1 . This result supports the proposed mechanism of the aggregation of the ΔLTA powder at lower levels of rare earth ions compared with the WT powder.
In conclusion, a novel application for the cell walls of wild-type and lipoteichoic acid-defective strains of B. subtilis 168 has been presented in this study. The procedure of culturing these B. subtilis strains has been well established, and it is not difficult to produce the powders described herein as adsorbent materials.
The comparison between the powders obtained from these B. subtilis strains revealed that lipoteichoic acid contributes to the adsorption of rare earth ions onto the cell walls of B. subtilis. In addition, we showed the novel finding, that in the presence of rare earth ions, the ΔLTA powder coagulates and sediment more easily than the WT powder.
It is anticipated that the B. subtilis powders could be useful not only for the removal of rare earth ions from environmental or waste water but also for their extraction as valuable resources. The powders make several potential contributions to the development of water cleanup technology and environmental sciences. The next step of this work is to investigate the potential of the cell walls of wall-teichoic acid -defective strains as adsorbents for rare earth ions and to understand the contribution of wall-teichoic acid to the adsorption of rare earth ions onto the cell wall.
